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The upper bound on high energy neutrino fluxes implied by the observed cosmic ray flux is robust.
We show that a recent attempt to evade this upper limit 1) assumed, contrary to observational
evidence, that cosmic rays less energetic than 1018 eV are primarily extragalactic protons, 2) over-
estimated the flux of the highest energy cosmic rays, and 3) overestimated, by at least an order of
magnitude, the magnetic eld strength in halos surrounding AGN jets.
PACS numbers: 95.85.Ry, 98.70.Rz, 98.70.Sa, 14.60.Pq
I. INTRODUCTION
The observed cosmic ray flux at high energies implies
a robust upper bound on the high-energy neutrino flux
produced in astronomical sources that are, like gamma
ray bursts and the jets of active galactic nuclei, optically
thin to photo-meson interactions on protons [1]. The high
energy protons that produce neutrinos by p− γ interac-
tions contribute to the observed cosmic ray flux after they
leave the site where the neutrinos are created. Since they
have maintained a high energy in spite of the possibility
of interactions with the cosmic microwave background,
protons that are detected at earth with energies greater
than 1018 eV must originate at redshifts z < 1. There-
fore, the observed flux of high-energy cosmic rays deter-
mines the rate at which particles of those energies are
being created in the relatively local universe. One can
obtain an upper limit to the cosmic ray production rate
in the whole universe by assuming that the rate increases
with redshift like the fastest known population of astro-
nomical sources, quasi-stellar sources (QSOs). Knowing
an upper limit to the universal proton production rate,
one can readily compute, by standard particle physics
techniques, an upper limit to the rate of production of
neutrinos by the same protons.
The upper bound derived in this way [1], which has
come to be known in the literature as the Waxman-
Bahcall upper bound, is consistent with our prediction of
the expected flux of high energy neutrinos from gamma-
ray bursts (GRBs) [1,2]. However, the upper bound we
set from the observed cosmic ray flux is two orders of
magnitude lower than the intensity predicted in some
previously published models for the production of neu-
trinos in AGN jets, implying that a km2 neutrino detec-
tor would record at most 1 neutrino from AGN jets per
year. The same argument also rules out models in which
most or all of the gamma-ray background is produced by
photo-meson interactions in AGN jets.
Can the upper bound on the high energy neutrino
flux be evaded? Without conflicting with observational
data, can one imagine a set of hypothetical sources that
give rise to a higher neutrino flux than allowed by the
Waxman-Bahcall limit? These are important questions
since very large neutrino detectors are being designed
for installation in the ocean or a deep lake (see e.g.
refs. [3{5]) or under Antarctic ice (see e.g. Ref. [6]). The
design characteristics for these neutrino detectors are be-
ing determined in part by the best available theoretical
models. It is therefore necessary to examine carefully
the justications for dierent predictions of high energy
neutrino fluxes. We do so in this paper.
Mannheim, Protheroe, and Rachen [7], hereafter MPR,
have previously published widely quoted models for the
jets of AGNs that violate by two orders of magnitude the
Waxman-Bahcall limit. These same authors have sug-
gested in MPR that, with a clever choice of parameters
for the neutrino sources, the neutrino upper limit can be
evaded.
We clarify in this paper how the Waxman-Bahcall up-
per bound follows from the measured cosmic ray flux. As
a special case, we show that MPR violated both cosmic
ray and astronomical data in their proposal to exceed the
upper bound on the neutrino flux.
If one wants to raise the upper bound on high energy
neutrinos produced by p − γ reactions in optically thin
sources, then one has to raise the production rate of pro-
tons above the rate implied by the observed flux of high
energy cosmic rays. We summarize the existing data on
the energy spectrum in Fig. 1 and show in section II that
MPR assumed a cosmic ray flux at energies greater than
1020 eV that signicantly exceeds the average of the Fly’s
Eye [8], AGASA [9], and Yakutsk [10] rates. In section
III, we summarize the observational evidence for the con-
ventional viewpoint that most cosmic rays below 1018 eV
are heavier particles of Galactic origin. Contrary to this
generally accepted interpretation, MPR assumed that the
observed cosmic ray flux at energies below 1018 eV is
mostly or entirely composed of extragalactic protons.
The only way in which one can increase the inferred
proton generation rate, and hence the bound on neu-
trino flux, is by hypothesizing the existence of high en-
ergy proton accelerators which exist in environments that
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do not allow protons to escape. Can one ne-tune the
conditions in which luminous astronomical sources are
imagined to exist so that neutrinos and photons escape,
but protons do not leave the system? Strong magnetic
elds obviously provide a potential way of conning pro-
tons, but not neutrons, and we discussed this possibility
in ref. [1]. MPR were even more imaginative. They hy-
pothesized that high energy neutrino sources are embed-
ded in 1 Mpc radio galaxy halos, with hypothesized mag-
netic eld B = 10(R=10kpc)−1G. In this case, neutrons
decay back into protons before they leave the source, and
MPR claimed that protons would lose most of their en-
ergy as they escape the strong halo magnetic eld. We
point out in Sec. IV that the strong magnetic elds pos-
tulated are inconsistent with existing radio observations.
The measured depolarization of extragalactic radio jets
implies that the central (i.e. highest) strength of the
magnetic eld of the halo in which the sources reside is
in the range of 0.1 to 1G [11].
For AGN jet models like those discussed by MPR, the
largest neutrino flux is predicted for energies of order
 1018 eV. At this energy, the MPR assumptions ac-
cidentally give an upper bound that is similar to the
Waxman-Bahcall upper bound. Thus even the (incor-
rect) MPR assumptions, rule out the previously pub-
lished AGN jet models that explain the gamma-ray back-
ground by photo-meson interactions on high energy pro-
tons. This point is claried in Sec. V.
II. HIGH ENERGY: E > 1019 EV
In this section, we summarize the calculations and ob-
servations that lead directly to the upper bound on high
energy neutrino fluxes and show that the proposal of
MPR violates the observed rate of detection of ultra high
energy cosmic rays.
Figure 1 shows the cosmic ray fluxes measured by the
Fly’s Eye [8], AGASA [9], and Yakutsk [10] experiments.
The smooth curve shown in Fig. 1 was used by us [1] in
setting a conservative upper bound on the high energy
neutrino fluxes. We now explain why the upper bound is
robust and conservative.
The smooth curve was computed assuming that in the
nearby universe (z = 0) the energy production rate is
∗We point out in Ref. [1] that one can imagine \neutrino
only" sources that are optically thick to proton photo-meson
interactions and from which protons cannot escape. Sources
of this kind could in principle contribute a flux in excess of
the Waxman-Bahcall bound, but there is, by construction,
no observational evidence (from baryons or high energy pho-
tons) for their existence. We limit ourselves in this paper, as
do MPR, to sources that are optically thin in proton photo-








= 1044erg Mpc−3yr−1: (1)
It is possible that the energy generation rate given lo-
cally by Eq. (1) increases with redshift. In particular,
we have explained in Ref. [1] how cosmic rays observed
at earth to have energies in excess of 1018 eV must have
originated at small redshifts because of the large energy
loss rate at these high energies. In order to establish a
conservative upper limit, we assumed that the local rate
given in Eq. (1) evolves with redshift at the maximum
rate observed for any astronomical population, i. e., the
evolutionary rate exhibited by the quasars [12{14]. We
also included the adiabatic energy loss due to the expan-






















FIG. 1. The observed high energy cosmic ray flux. Mea-
surements are shown from the Fly’s Eye [8], AGASA [9], and
Yakutsk [10] detectors. The smooth curve, computed from
Eq. (1), was used by Waxman and Bahcall [1] to compute the
upper bound on high energy astrophysical neutrino sources
from p− γ interactions.
Figure 1 shows that the smooth curve which we have
used to estimate the cosmic ray flux above 1018 eV is a
conservative (i. e., high) estimate of the observed rate.y
†We note that Fig. 1 shows that the highest energy point
measured by the AGASA experiment could be interpreted to
suggest (with  1 signicance) that the cosmic ray gener-
ation rate at E > 1020 eV is twice the rate obtained from
our smooth curve generated by Eq. (1), implying that the
upper bound might be underestimated by a factor of two at
 1019 eV. However, the higher rate of generation is not ob-
served by the Fly’s Eye and Yakutsk experiments, and even
if correct would imply only a small correction to the upper
bound at this energy.
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On the other hand, MPR have overestimated the
flux of cosmic rays above 1020 eV by about an or-
der of magnitude; they assume that the cosmic-ray
spectrum observed by the Fly’s Eye experiment is de-
scribed at energies > 1019 eV by E2dJ=dE = 2:6 
10−8(E=1019eV)−0.7GeV=cm2s sr. For the Fly’s Eye ex-
posure above 1020 eV, which is 2:6 1016m2s sr, the as-
sumed MPR flux implies 8 events above 1020 eV, while
only one event was detected [8].
The reason that MPR overestimate the upper bound
for neutrinos with energies above 1019 eV is that they
have overestimated the energy production rate of cosmic-
rays above 1020 eV. The bound on the neutrino flux above
1019 eV is derived assuming that all the energy generated
in high-energy protons is converted through photo-meson
interactions to neutrinos (a single neutrino produced by
photo-meson interaction carries  5% of the proton en-
ergy).
III. LOW ENERGY: E < 1018 EV
Contrary to the consensus view in cosmic ray physics,
MPR assume that all cosmic-rays above 1014 eV are pro-
tons of extra-Galactic origin. Figure 1 shows that our
smooth curve for the extragalactic proton cosmic ray flux
falls below the total observed flux for energies less than
1019 eV. If the lower energy cosmic rays were indeed all
protons from extragalactic sources, then (as we noted ear-
lier [1]) one could raise the upper limit for astrophysical
neutrinos at these lower energies.
Could the lower energy cosmic rays be primarily extra-
galactic protons? Unfortunately, the answer is no. The
observational evidence is that only a small fraction of
the cosmic-ray flux in the energy range of 1014 eV to
1017 eV is composed of protons. Direct (balloon) compo-
sition measurements at 1014 eV [15] show that the frac-
tion of cosmic-ray flux composed of protons at this en-
ergy is  20%. Air-shower and cosmic-ray tracking de-
tectors measurements show [16] that the proton fraction
decreases in the energy range of 1014 eV to 1016 eV. In
fact, the Fly’s Eye and AGASA experiments support [17]
a composition strongly dominated by (consistent with
100%) heavy nuclei at 1017 eV. Moreover, both the Fly’s
Eye [18] and the AGASA [19] collaborations have re-
ported, for energies less than 3  1018 eV, a small but
very statistically signicant enhancement of the cosmic
ray flux near the Galactic plane. This enhancement is
expected for a Galactic, but not an extragalactic, origin
for the cosmic rays in this energy domain.
In summary, the observational evidence is that most
of the observed cosmic rays in the energy range 1014 eV
to 1017 eV are not protons and therefore the total flux
of cosmic rays cannot be used, as was done by MPR,
to raise the upper bound for neutrinos in the energy
range 1014 eV to 1017 eV. Assuming, conservatively, that
 10% of the cosmic rays in this energy region are
protons, the neutrino bound may be raised at energies
Eν < 1016 eV (Since the cosmological model we have
used, see Eq. 1 and Fig. 1, accounts for  10 % of the to-
tal cosmic ray flux at 1017 eV, and a progressively larger
fraction at higher energies, one cannot increase the upper
bound on neutrino fluxes at energies  1016 eV). Since
the energy density in cosmic rays is approximately pro-
portional to E−1 for energies less than 1018 eV, the actual
extragalactic neutrino flux could exceed the Waxman-
Bahcall limit by a factor of (1016 eV/Eν) for neutrino
energies Eν < 1016 eV.
We note that including a contribution to the neu-
trino flux due to neutrino production by photo-meson
interactions on heavy nuclei will not aect the neutrino
bound. For heavy elements, the cross section for photo-
dissociation is higher than, and its energy threshold is
lower than, for photo-meson production. Thus, heavy el-
ements will dissociate before losing a signicant fraction
of their energy to neutrino production.
IV. CAN ONE EVADE THE UPPER BOUND
WITH THE AID OF MAGNETIC FIELDS?
In Sec. III of Ref. [1], we considered various ways that
one might try to avoid the upper limit on the flux of high
energy neutrinos by invoking magnetic elds. In particu-
lar, we discussed the possibility that protons could some-
how be prevented from escaping the source where they
are created (and where neutrinos might be produced)
if the protons are conned by large magnetic elds. We
pointed out that a photo-meson interaction that produces
a charged pion will also convert a proton to a neutron.
The neutron is not magnetically conned and can escape
from the source and subsequently decay (in a distance
100(E=1019 eV) kpc) into a proton that may be observed
at the earth as a cosmic ray.
MPR hypothesized a scenario with numbers chosen so
that the neutron would decay within the source where
the neutrinos are produced. In particular, they imag-
ined that all extra-Galactic cosmic-ray sources are em-
bedded in 1 Mpc halos with magnetic elds of strength
B = 10(R=10kpc)−1G. With these extreme parame-
ter choices, a neutron of energy E  1018 eV, resulting
from photo-meson production of a charged pion, would
decay to proton inside the 1 Mpc halo of the hypotheti-
cal source. According to MPR, the protons would loose
most of their energy before escaping from the halo.
Can the Waxman-Bahcall upper bound be evaded by
choosing a suciently extreme source size and magnetic
eld as described above? Interestingly enough, even with
this imaginative choice of parameters, the answer is still
no.
Magnetic elds as strong as postulated by MPR are
not observed for extragalactic radio jets. The measured
depolarizations of extragalactic radio sources imply that
the central (i.e. highest) strength of the magnetic eld of
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the halo in which the sources reside is in the range of 0.1
to 1G [11]. MPR assume that the radial dependence of
B, B / R−1, is valid at all radii and that the radius R at
which neutrons originate is given by their decay length,
R  1(E=1017eV) kpc (see their eq. 26). Thus, for
1017 eV neutrons, for example, their assumed magnetic
eld strength, 103G, exceeds the observed elds by at
least three orders of magnitude.
Also, the mechanism for proton energy loss discussed
by MPR is inapplicable. They assumed that protons lose
their energy adiabatically as they move from higher to
lower magnetic elds. Indeed, for adiabatic expansion
the relation Ef = (Bl=Bh)1/2Ei, where Ef and Ei are
the nal and initial energies and where Bl and Bh are the
low (outside) and high (inside) magnetic elds strengths,
may hold. However, there is no evidence that the gas in
the cores of clusters or groups of galaxies is adiabatically
expanding. In fact, all the existing evidence suggests that
the gas may be flowing inwards [20].
We conclude that conditions invented by MPR in order
to evade the Waxman-Bahcall upper bound do not apply
to the AGN jet sources they consider, or, so far as we
know, to any other sources.
V. AGN MODELS
What predictions have been made for the neutrino
fluxes from AGN jets? Are the fluxes large enough to
be measurable in a practical detector?
There are two classes of models that have been consid-
ered as explanations for the emission of radiation from
AGN jets, ones in which radiation is due to electromag-
netic processes [21] and others in which emission of radi-
ation involves the acceleration of very high energy pro-
tons [22{24]. For the rst class of models, no signicant
flux of high energy neutrinos is expected. The second
class of models has been normalized by postulating that
the jets produce the observed gamma-ray background via
photo-meson processes on high energy protons, which
produce 0’s that decay into gamma rays. The photo-
meson process, if it produces the gamma-ray background,
would also produce a large flux of high energy neutrinos
via charged meson decay. Therefore, the second class of
models, involving photo-meson interactions on high en-
ergy protons, has received a lot of attention, especially
from particle experimentalists.




























FIG. 2. Comparison of the muon neutrino intensities
(µ + µ) predicted by AGN jet models with the Wax-
man-Bahcall upper bound on high-energy neutrino fluxes [1].
The dot{dash line gives the upper bound corrected for neu-
trino energy loss due to redshift and for the maximum known
redshift evolution (QSO evolution, see text). The lower line
is obtained assuming no evolution. The AGN jet model pre-
dictions are taken from the earlier papers of Mannheim [22]
(marked M95B in the gure), Protheroe [23] (P97), and
Halzen and Zas [24] (HZ97), and the recent paper by MPR [7]
(MPR).
Figure 2 compares the Waxman-Bahcall upper bound
to predictions by various proton acceleration models for
AGN jets. Following the publication of our paper on
the upper bound for neutrino fluxes, MPR proposed as
a counter example the model labeled MPR in Fig. 2.
Clearly, the model chosen by MPR predicts a high en-
ergy neutrino flux which is about two orders of magni-
tude below the models which are usually discussed and
which they have previously favored. Moreover, the MPR
model is consistent with our upper bound for essentially
all neutrino energies.
The expected detection rate in a km2 detector is less
than one event per year if the MPR flux is assumed. This
rather pessimistic result can be obtained from Tables III{
VI of Ref. [25] by dividing by 30 the detection rate given
in those tables for the model denoted by AGN-M95. (The
same model is labeled ‘M95B’ in Fig. 2.)
Since p − γ reactions give rise to high energy gamma
rays (via 0 decay) as well as to high energy neutrinos
(via charged pion decay), the flux of neutrinos is propor-
tional to the flux of gamma rays. Since the models with
high neutrino fluxes that are shown in Fig. 2 were all
chosen by their authors so that they could account for
the observed gamma ray flux, it is clear that the MPR
model (with the 30 times lower neutrino flux) can only
account for a few percent of the gamma ray background.
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VI. DISCUSSION
In this paper, we have shown that the Waxman-Bahcall
upper limit on neutrino fluxes is robust for neutrino ener-
gies above 1016 eV. Cosmic ray experiments set a rm up-
per limit on the flux of extragalactic protons, and hence
on the flux of extragalactic neutrinos, that originate in as-
tronomical sources that are optically thin to photo-meson
interactions on high energy protons. The upper bound is
about two orders of magnitude less than published pre-
dictions [22{24] of neutrino fluxes expected from models
for AGN jets that explain the gamma-ray background by
photo-meson interactions on high energy protons. Given
the neutrino upper limit, photo-mesonic interactions in
optically thin sources like AGN jets can at most account
for a few percent of the flux of the gamma-ray background
and would give rise to at most 1 neutrino event per year
in a km2 detector [1].
What can we say about lower energy neutrinos? We
have assumed (see Eq. 1) that the generation rate of ex-
tragalactic protons is proportional to E−2, where E is
the proton energy. This E−2 dependence is produced
generically by the Fermi mechanism for accelerating high
energy cosmic rays in shocks [26]. However, the observed
cosmic ray flux falls with energy as E−3 for energies less
than 1018 eV. Therefore, (as discussed in Sec. III) at
neutrino energies below 1016 eV, the extragalactic neu-
trino flux may be larger than the low-energy extrapola-
tion of the Waxman-Bahcall limit by a factor of order
[1016 eV/(neutrino energy)] if a signicant fraction (
10%) of the cosmic rays below 1017 eV are extragalactic
protons.
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